A silica micro-lens pair has been proposed which can be integrated with planar optical waveguide circuits. The lens pair enables an optical signal to travel in free space between two opposing planar waveguides with minimal optical loss. Each lens in the lens pair consists of a slab GRIN lens with a convexly shaped front face. This paper briefly reviews the micro-lens design process and reports progress in fabricating the device. The characterisation of the GRIN layer and masking experiments used to evaluate the deep oxide etch are presented. A selectivity of 250:1 was achieved for the deep oxide etch using a NiCr mask.
INTRODUCTION
A silica microlens pair has been proposed 1 for use in planar optical waveguide circuits. The lens consists of germanium doped silica with a parabolically graded refractive index profile (essentially a slab GRIN lens) to focus light in the vertical direction and a curved front-face to focus light in the horizontal direction.
The integrated waveguide lens pair is illustrated in Fig. 1 . The lens pair allows free-space propagation of an optical signal between two opposing waveguides with minimal loss. The lens pair has potential application in optical interconnects, micro-optical switching and optical sensing. In this paper, the process for designing the micro-lens pair is reviewed, and progress in fabricating the lens pair is presented. The slab GRIN lens is characterised and a series of etching experiments were undertaken to determine the most suitable etch mask and conditions. 
LENS PAIR DESIGN
The lens pair design is based on the propagation of a scalar Gaussian field in materials of both constant and parabolically varying refractive index. Within the waveguide lens, the beam will have an elliptic shape in the cross-sectional plane but this 'elliptic' Gaussian beam can be considered as two independently propagating 'circular' Gaussian beams.
2 Fig. 2 and Fig. 3 show the evolution of the vertical and horizontal spot-sizes as the optical beam propagates through the lens pair and the free space region. To achieve minimal propagation loss, the Gaussian parameters of the optical beam are matched at the point where it leaves the guided section of the transmitting lens (A-A' in Fig. 2 and Fig. 3) , to the point where it enters the waveguide of the receiving lens (B-B' in Fig. 2 and Fig. 3 ). Because the receiving lens is a mirror image of the transmitting lens, this matching condition implies that the propagating Gaussian beam should be symmetrical about the centre of the free space propagation distance. Fig. 2 and Fig. 3 illustrate this symmetry. The formulae used to determine the parameters of the Gaussian beam in the two propagating media (parabolic graded index profile and constant refractive index) can be found in any standard text.
2 The resulting micro-lens design used to achieve a free space propagation of 200µm is presented in Table 1 . Interdependent waveguide parameters * For the purposes of designing the minimal loss lens pair, the values of parameters marked † will be considered primary design parameters. The parameters marked ‡ are dependent on these primary design parameters.
PROPOSED FABRICATION STRATEGY
The lens pair can fabricated using a series of silica deposition and etching steps. Silica layers are deposited using the well known Plasma Enhanced Chemical Vapour Deposition (PECVD) process, and etched using Reactive Ion Etching (RIE) techniques.
1. PECVD lower cladding n 2 = 1.4575, 10µm thick. 6. RIE core (Fig. 4a). 7. PECVD upper cladding n 2 = 1.4575, 6 → 7µm thick (Fig. 4b ).
8. Deposit silica RIE masking material.
9. Pattern masking material with square waveguide end-faces.
10. RIE to substrate surface, 21 → 22µm (Fig. 4c) .
11. PECVD silica with parabolically graded refractive index ≈ 25µm thick (Fig. 4d) .
12. Planarise -remove 25µm (Fig. 4e) .
13. Deposit silica RIE masking material.
14. Pattern masking material with curved front face.
15. RIE to Si surface ≈ 25µm (Fig. 4f) . 
EXPERIMENTAL

PECVD silica GRIN layer
A Hollow Cathode-PECVD reactor 3 has been used for the silica deposition. An RF plasma is developed in a silane (SiH 4 ) and oxygen mixture which causes silica (SiO 2 ) to form and adhere to the silicon substrate placed in the plasma chamber.
The refractive index of the silica is varied by adding germane (GeH 4 ) to the silane precursor gas mixture. This causes germanium to be incorporated into the silica matrix, increasing the refractive index of the film. The refractive index of the deposited silica films depends on a number of factors such as reactor configuration, RF power and chamber pressure.
3 A calibration procedure must be undertaken for each set of processing conditions. Fig. 5 and Fig. 6 show the refractive index and thickness variation as a function of germane flow rate for a silane flow rate of 50 sccm. The refractive index and thickness of the films was measured using the prism coupler method which has an accuracy of ±0.0005. 4 Using our reactor configuration and processing conditions the run to run variation in refractive index was less than 0.002. The variation in film thickness was approximately 3%. Work is currently underway to improve film uniformity and process variability.
In order to verify the graded refractive index layer is periodically refocusing the propagating light as expected, a polymer with a fluorescent dye 5 was spun onto a specially fabricated GRIN layer.
The GRIN layer was fabricated with the profile described by equation (1), using the parameters given in table 2.
The polymer PVP was doped with Phloxine B using the procedure outlined in Ref. 5 . A frequency doubled Nd:Yag laser (green) was launched into the GRIN layer via a fibre. As the laser light is refocused by the GRIN layer, the phloxine dye fluoresces with a yellow colour. A photograph is shown in Fig. 7 . Ten of the fringe spacings occur within a spacing of 3.5mm, leading to a refocus length z refocus = 350µm.
This demonstrates that the periodic focusing of the GRIN lens does indeed work.
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Deep silica RIE
The etching of the lens convex curvature is by no means a trivial matter. The process has stringent requirements on sidewall verticality and surface roughness, and is of considerable depth.
Reactive ion etching (RIE) is the preferred etching method because it allows an anisotropic profile to be obtained. RIE has been used in the semiconductor industry over the last few decades, however semiconductor fabrication generally only requires etch depths of less than 1µm. Fabrication of the lens pair requires etches to a depth of 30µm or more.
The RIE of the silica is the most difficult part of the fabrication process to be carried out at the University of NSW due to the limited RIE fabrication facilities available. In a typical production environment, the deep silica etch could be achieved using an inductively coupled plasma (ICP) RIE machine such as the STS Advanced Oxide Etch and a thick polysilicon masking material.
6
For the purposes of validating the microlens design (in the absense of advanced oxide etch equipment), a variety of masking materials and plasma etch conditions were trialled to obtain optimum etch conditions at the expense overall etch rate. The results presented in Table 3 were performed using a Hollow-Cathode RIE (HC-RIE) reactor.
3 The HC-RIE is essentially a parallel plate reactor with two opposing electrodes which are both driven by the same RF source.
Electroplated nickel
7 has been used for deep oxide etches with a selectivity of approximately 20:1. However we found that electroplated nickel had a relatively low sputter threshold and grass problems were difficult to eliminate. While the greatest selectivity was achieved using a NiCr mask, the etched silica surface became textured, the etch rate reduced and eventually etching ceases. This was found to be due to non-volatile etch reaction products -NiF 2 being sputtered and redepositing on the etched surface (as opposed the the etch mask material itselfNiCr). This also occurred when Al is used as an etch mask.
These results demonstrated a significant shortcoming of the HC-RIE. When material was sputtered from the etch surface it was deposited onto the opposing electrode. Since in the HC-RIE configuration the opposing electrode is also driven, it was then re-sputtered back to the etch surface. This caused the surface texturing problems which eventually caused etching to cease.
The hollow cathode reactor was modified by grounding the opposing electrode, effectively converting the reactor to a standard parallel plate configuration albeit with a narrow electrode spacing. This produced a relatively intense plasma from just 32W forward RF power. CF 4 and O 2 were used at 7.5 Pa with a 1500Å NiCr mask. Additionally, the etch sample was removed every hour and given an ultrasonic rinse in de-ionised water (DI). This was done to remove any buildup of nickel fluoride deposits.
Using this method a selectivity of ≈ 250 : 1 was achieved. However, the etch-rate was only 1.2µm per hour, making this process unsuitable for a production environment.
The resulting etch is illustrated in Fig. 8 . Beneath the silica lens the silicon substrate has been etched in TMAH to reduce coupling of light to the silicon. 
CONCLUSION
An integrable silica microlens has been presented which has application in optical interconnects, micro-optical switches and optical sensing. The proposed fabrication strategy is detailed and progress in fabricating the device is shown. Optical characterisation of the device is underway and will be presented at the conference.
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